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This paper develops a new control algorithm of a distributed generation 
system in the standalone operation. Behavior of three-phase voltage source 
inverter is investigated and the guidelines for tuning the control parameters 
are presented. Based on super-twisting algorithm, the proposed controller 
guarantees the load voltage performance under different types of loads. The 


proposed controller is established for an inner-loop current controller and an 
outer-loop voltage controller in a dual control scheme. The proposed scheme 
is very simple, thus tuning control parameters is easy and the computational 
burden of the controllers is low. In order to validate the load current of the 
proposed system feasibility, a reduced-order observer is adopted. The 
simulation results indicate a more reliable and efficient performance 
compared to the standard sliding control and the adaptive control. 
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1. INTRODUCTION 

Last century, there has been a rapid increase in the number of distributed generation systems (DGSs) 
because of their merits compared to the conventional central generation systems, such as decreasing systems 
and fuel cost, complying with stricter environmental regulations, and technological advances in small 
generators, power electronics, and energy storage devices [1]—[6]. The DGSs could be implemented in two 
different modes that are in stand-alone application (Islanded mode) [7] or grid-connected applications [8]. 
Especially, the stand-alone mode is applied as an optimal option in some cases, such as: expensive 
connection, and impractical location rural areas. During the stand-alone applications process, the DGSs 
implement in independent mode or in a parallel mode by connecting the DG units together. The most 
remarkable advantage of the parallel mode is good load sharing (harmonic power sharing, reactive power 
sharing, and real power sharing) by regulating real power and reactive power independently [9]. On the other 
hand, the independent mode has to maintain good performance (small steady-state error, low harmonic 
distortion, fast transient response) of the load voltage among complicated scenarios. In this article, the 
authors concentrate more on each DG behaviors during the independent operation in the Islanded mode. 

Recently, several studies have been investigated on designing voltage controllers for three-phase 
voltage inverters in order to improve the load voltage performance. First, the conventional proportion-integral 
(PI) technique was presented for a single voltage control loop in [10]. Zhang et al. [11] proposed dual-loop 
scheme (the PI inner-loop current and the PI outer-loop voltage controllers). Even they maintain a good quality 
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control during balanced loads operation, they were not appropriate for nonlinear loads. To deal with this 
problem, a harmonic power flow technique tailored for planning applications is designed in [12]. It resulted in a 
better distribution of dispatchable DGs, hence the high harmonic phenomena are reduced. During recent years, 
various advanced control methods have been developed for output voltage controllers. He et al. [13], an 
adaptive lyapunov-based control strategy for a single-phase uninterruptible power supply (UPS) inverter was 
proposed. Although this controller showed a good performance in the case of the nonlinear loads, it still 
consumes more time to validate and evaluate the output response of the micro-grid system. 

A discrete-time repetitive controller is designed to maintain the performance of the UPS inverters 
load voltage [14]—-[16]. Nevertheless, this method suffers from a series of pitfalls such as reduced conversion 
efficiency of the inverter or distorted output voltage in the UPS. Lucena et al. [17], a single-phase 
AC/DC/AC five-leg multilevel converters are proposed to ensure the output voltage quality in case of the 
unbalanced loads and the nonlinear loads. However, these controllers are too complicated to implement. The 
(proportional-derivative) PD voltage controller is equipped for DC/DC boost converters via current 
sensorless approach [18], but this approach could only process in the areas which install the active damping. 
Besides, one serious weakness of this method is the ability to stabilize the error dynamic. In order to deal 
with these complex issues, the sliding- mode control (SMC) has been proposed for UPS inverters [19], [21]. 
Komurgucil [19], precented the UPS inverters are designed by using the rotating-sliding-line-based sliding- 
mode controller. Despite of smaller total harmonic distortion in the load voltage, the designed controller is 
only for the single-phase inverter. The SMC strategy is approached for doubly fed induction generator using 
extended active power [20]. Unfortunately, this method neglects to supervise the variable switch frequency of 
the converter effectively. Therefore, it causes the high chattering problem. The SMC strategy is also 
proposed to control the four-leg inverter [21]. This control strategy proves the robustness of the SMC system. 
However, total harmonic distortion (THD) of the load voltage is relatively high in the case of the nonlinear 
loads. The disadvantage of classical SMC above is characterized by a discontinuous control action which 
causes the chattering problem increasement. To overcome this problem, a super-twist sliding-mode control 
(STSMC) is proposed in many literature sources [22]—[28]. The advantage of this technique is characterized 
by continuous time of the control action. Thus, the chattering phenomenon is eliminated significantly. 

In this paper, the STSMC strategy is involved in the dual-scheme with a STSMC inner-loop current 
controller and a STSMC outer-loop voltage controller under various load types. The method for tuning 
parameters of the proposed controller is designed. The most remarkable point to emerge from the STSMC 
controller is the continuous control actions which reduce the load voltage chattering. Hence, the quality of the 
load voltages is significantly improved. The STSMC controller is sufficiently simple, thus tuning controller 
parameters is easy and the computational burden of the controller is low. Moreover, a reduced-order observer 
of the load current is established to reduce the number of current sensors. As a result, the reliability and the 
cost-effectiveness of the designed system are enhanced. Finally, the simulation results show the good 
performance of the load voltages under various load types when compared to the standard sliding controller 
and adaptive controller. 

The rest of this novel is divided as follows: The next section indicates a DGS description and 
mathematical model of a three-phase inverter. The STSMC controller and reduce-order observer designs are 
described in section 3. The simulation results are reported in section 4. The final section illustrates the brief 
conclusion. 


2. STANDALONE DGS DESCRIPTION AND MATHEMATICAL MODEL 

A brief overview of the DGS based on renewable energy sources is depicted in Figure 1. There are 
three main parts in standalone DGS: Input powers, local loads, and the power conversion unit. To begin with, 
the input powers consist of different kinds of renewable energy sources, such as wind, fuel, and solar energy. 
Secondly, the power conversion unit is established by coupling the input converter (AC/DC converter or 
DC/DC boost converter), a three-phase inverter with an LC output filter. Finally, the power converter 
transmits the output voltage and the electric power to the local loads. The quality and reliability of them are 
regulated by the controllers. In this paper, the input powers and the input converter are replaced by a stiff DC 
voltage source. 

The structure diagram of a three phase DC/AC converter applying the LC filter is presented in 
Figure 2. The mathematical model of the designed converter can be described as (1). 


dV, _ 1 1,. dl 1 
2 --L;—=-V,- 
Cpe db sha 


-v, (1) 


L 
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Where V, is defined as a vector output voltage V =[v,,,v,,.v,.l’. Z is defined as a vector current 
I =[i hh], V2 denotes a vector load voltage V,=[v,,,V,,,V>,]’, 1,denotes a vector load current 
1, = [i,,.i,,.4,,.]’, 4.C, denotes the filter inductance and filter capacitor, respectively. The (1) which places 


in the stationary frame convert into the following equations in the synchronously rotating d-q frame: 


adVia 1 1 dVoq 1 1 
= WV —-—hbagt—ha = -wV,, — — l, +—I 
dt T r CT 2d ~ gla Toha 
dlha 1 1 dhq 1 1 
— = —— V4 + Whg + —Vua; — = — >V»; — Whe + >V; 2 
dt 1, 2d 1q T 1d “Ge 1, 24 1d TT V1q (2) 


where as w is defined as the frequency of the angular, V,,,V,, denotes the load voltage of d-q frame, and 


La» l, denotes the load currents of d-q frame, respectively. Let us introduce the state variables 


La = Xo l4 = X2; Vong = X; Va; =X, - In (2) could be rewritten as: 


a 


dx, 1 dx2 1 

— = —— Xz + WX, + >V; ——X,— wx, + >V; 

dt ig? 2 1d) Gr 4 ig hig 

dx3 1 1 > dx4 1 1 > 

— = wX +X ha; = WX +X, -T 1 3 

dt AT ~ oC led Gy 31 o%2 7 @ 124 (3) 
where /,,;/,, denote the estimation of the load currents 7,4, Z, , respectively. 


Balanced load 
AC 
DE LC Unbalanced 
filter load 
DC 
Nonlinear load 


inverter 


Figure 2. Structure diagram of the three-phase converter of standalone distributed generation systems 


3. STSMC TECHNIQUE AND REDUCE-ORDER OBSERVER DESIGN 

The proposed controller is designed based on the STSMC technique. To be more specific, a dual 
structure is established by combining the inner loop of current controller and the outer loop of voltage 
controller. Both of them are involved the STSMC technique to calibrate the load voltage. In addition, an 
observer of the load current is established for calculating the voltage loop controller. The proposed STSMC 
and the observer in stand-alone mode is depicted in Figure 3. 
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Figure 3. Schematic diagram of the STSMC and observer 


3.1. Controller design 
From in (3), the equation of inner loop current controller can be described as: 


dx, _ 1 1 . dx2 _ 1 = a 

eo” ig +wx, + A Via ue = 1,4 T WH + a Vig (4) 
The sliding variables can be chosen as: 

S1 = Xref — X1 + cf (Xref — xı )dt; S2 = Xzref — X2 + cof (Xref — X2)dt (5) 


WherexXirefiXzrefare the output current reference values. This reference values are defined as Xref = 
U3, X2ref = U4. Taking the time derivative of the sliding variables of the in (5) then incorporated with the in 
(4) leads to: 


A ; 1 : 
S1 = Xref + C1 (Xtreg = x) + 1,3 — WX? — U4; S2 


; 1 
= Xref + C2 (Xref — X2)- n% +wx — u2 (6) 


Where u, =—Vigi Uz =—Vig 
Ly Ly 
It reveals that the system in (6) is applied one-order sliding mode control (I-SMC) strategy or two- 
order sliding mode control (II-SMC) strategy. As mentioned above, the I-SMC controller causes the variable 
frequency of the DC/AC inverter switch, therefore increasing the chattering phenomenon. To handle this 
issue, the 2-STSMC controller known as STSMC is adopted. Consequently, the action control variables 
consist of two terms [28]. 


Uj = Ueqi + Ùi (7) 


Where i; (i=1,2) denote the control variables terms which is designed by using the STSMC technical, Ugg; 
denote the equivalent control terms for the nominal and unperturbed model derived by letting $; = 0, ŭ; = 0. 
As a result, the equivalent control terms Uq; are written as, 


; 1 
Uegi = Xıref + Ce, E x) + n” — WX2; Ueq2 


; 1 
= Xref + C2 (Xref =x%2)— L“ +wx (8) 


substitution of (7) and (8) into (6) produces: 
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The equation of the control terms a, are derived from [28]. 
Hj = kyilsil"/? sgn(si) + fy koi sgn(si)at (10) 


Where the values k,, and k,, being positive gains to tuned. Next, from in (3), the equation of proposed outer 


loop voltage controller can be expressed as, 


dx 1 
= = WX4 + =X = 
dt Cy 


ls , dx4 
Cc, 2” at 


1 1s 
= —WX3 ta -gha (11) 
the sliding variables of outer loop voltage controller are selected as in (12): 


S3 = Xz3ref — X3 + c3f (Xzref — xz)dt; s4 = Xaref — X4 + caf (Xref — x4)dt (12) 


where Xref» X4ref are the load voltage reference values. Taking the time derivative of the sliding variable of 
the in (12) then incorporated with the in (11) lead to: 


: . 1s 
S3 = X3ref + €3(Xsref = x3) — wx, + z lza — U3; S4 


i 1s 
= X4ref + C4 (Xref — x4) + wx; + z lza — Uy, (13) 


1 1 
where = x1 = U3, —X2 = Uy. 
Cy Cy 


The action control variables of voltage controller consists of two terms in (7) where Ugi (i=3,4) can 
be determined as: 
— y 1 T . 
Ueq3 = X3ref + C3(X3ref S x3) — WX, + q lza Ueq4 
è 1 > 
= Xare¢ + C4(Xarep — X4) + wx; + z lza (14) 


The STSMC terms t3, %, are similar to the control terms which described in (10). 

The block diagram of the STSMC current and voltage controller is shown in Figure 4. This block 
diagram is composed of the equation blocks. The inputs of the block are the state variables, observer 
variables, and given constant parameters, while the outputs of the block diagram are the control signals u, . 


Equations 
(22),(23),(24) 


Xiref Xi Equations 
(8),(14) 


2d?" 29 


Figure 4. Block diagram of proposed STSMC current and voltage controller 


3.2. Tuning the parameters of STSMC 
The parameters tuned are c,, k, and k,, (i=1: 4). Substitution the control law (10) to (9) lead to, 


ši = —kyilsil'/? sgn(s;) — Jy kai sgn(si)dt W3) 
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it is obvious that sgn(s;) = a , taking the time derivative of (15) produces, 
i 


5: = kuz kai (16) 
from (5) and (12), the sliding variables are generalized as, 
Si = Xiref — Xi + Ci f (Xiref — Xi)dt = e; + c; f eat (17) 


because of the effect of the STSMC, the sliding regime would happen and the sliding variable s, close to 


zero, so|s;| <ô; with 6; are the positive constants which close to zero. Considering the most 
disadvantageous case, in which |s;| = 6;, and substitution in (17) to (16) produces. 


5 kiin; kyici „ Kai cikzi = 
tlt aait Gat seat 2 fe,dt =0 (18) 
ee, as Yr 
azi aii aoi 


Taking the time derivative of (18), the reflecting the e, error dynamics is obtained, 
s? + azis? + ayjs + dois = 0 (19) 


where s is the Laplace operator, the design of the STSMC parameters c;, k,;, ky; is made to ensure the poles 


of the characteristic in (20) equal the poles of the desired characteristic determined as, 


(S? + 2&WniS + Wri) (S + aiiwni) 


= s? + (2 + ajeiwn S? + (1+ 2a;F?) wri s + akiw (20) 
L T FiDSiMni ` Dni? T QiSi ni 
bzi bij boi 


where s is the Laplace operator, the design of the STSMC parameters c;, k,;, kz; is made to ensure the poles 


of the characteristic in (20) equal the poles of the desired characteristic equation determined as, 


(S? + 2&:WniS + Wai) (S + AF: Wni) = s? + (2+ aE wns? + (1 + 204?) wh; s + aE wrji(21) 
bzi bij boi 


where the pole of desired in (21) 54; = —aj&;Wy; is the dominant poles, so the choice of œ; is enough high, 
č; is the damping coefficient, wni is the natural frequency. The performance of the error dynamics in (19) is 
achieved by turning the controller parameters c;, k,;, k2; to guarantee aj; = bzi, a4; = bii Qoi = Doi 
simultaneous fulfillment. From simultaneous implementation az; = bzi, @4; = bii, Qoi = bo; the controller 
parameters ci, kii kz; are calculated as, 


ci? — (2 + aE nj ci? + (1 + 20;€7) 04; ci — aiioa 


bzi bij boi 
= (cf — 2;Wyic; + whi) (Cc; — iini) = 0 (22) 
ky = 2,/6;((2 + ai)$iOni — ci) (23) 
ae eae 
Key = “Ea (24) 


Ci 


3.3. Load current observer 

It is obvious that the STSMC requires the load current information. The information can be obtained 
by using sensors, but the sensors make the system more expensive and less reliable. Liu et al. [29], the 
authors applied the full-order observer, which causes a high computational burden in the controller. Hence, 
the reduce-order observer is utilized as a better option to estimate the current load. The reduced-order 
observer of load current is represented as, 


r = Aıx + A2y + Bu 
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where x = [oa log)", y =V V u =Ma F , A =" A =0. 


1 1 1 
Cy 


A3 = 


The design of a reduced-order observer rests on coordinate transformation [30]-[32]. 
x =x +My (26) 


The coordinate transformation is obviously nonsingular for any M,. The equation with respect to x’ is 
obtained from in (25), (26). 


x'=(A,+M,A,)x'+ Avy +(B,+M,B,)u (27) 


Where A, = A, + M,A, — (A, + M143) M1. An observer is designed by, 


A 


x' = (A, + M,A3)x'+ Any + (B, + M,B,)u (28) 
with x is an estimate of the state vector x . 
0 
In this section, M is simply chosen asM, = | = m | and incorporated with (28), the reduced- 
2 
order observer of load current can be rewritten as, 


A A A A 


2 2 
f my? y Ma mı my, t ma .' mz mz m2 

Xx% 5 Krt Vog + Voqg + la; % = — X> + Voq — V24 + I 29 
1 C1 1 C1 2d Gi 2q C1 1d’ “2 BA 2 C4 2q C 2d Cy 1q ( ) 


where x’=[x/ x}]’, from (26), the load current observer is obtained as: 


A A 
A A 


Xy = X1 — M1 Vz4; X2 = Xz — M2V2q (30) 


The block diagram of the load current observer is expressed in Figure 5. 


Figure 5. Block diagram of load current observer 


4. RESULTS AND DISCUSSION 

In this section, we utilized the MATLAB/Simulink to evaluate the efficiency of proposed observer 
and controller. The simulation model of the DGS is defined by the stiff DC voltage source, DC-AC inverter 
with an LC filter connected to the various loads, the STSMC, and the reduce-order observer. The nominal 
parameters employed in these simulations are listed in Table 1. During the simulation process, the discrete 
model is designed with a time step of 2 us. The switching frequency converters are set at 5 kHz. The 


parameters of STSMC for the current loop control and the voltage loop control can be turned as: 
a= 500, či = 1, wWnı = 100, Oy = 0.05, c1 = 100; Q = 500, & = 1, Wn2 = 100, 62 = 0.05, C = 
100 q3 = 2500, & = 1, Wn3 = 100, 63 = 0.05, C3 = 100; ay, = 2500, č4 = 1, On, = 100, Ô, = 
0.05, c4 = 100 


The variables of the matrix M, can be chosen as follows: m, = 0.005, m, = 0.01. 
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We conducted the simulations under the following different cases to illustrate the excellent performance of 

the proposed observer and STSMC controller: 

— Case 1) Resistive pulse load (R=80 Q; L=0.1 H; Sudden load change 100% to 0% and 0% to 100%). 

— Case 2) Resistive and inductive pulse load (R=80 Q; L=0.1 H; Sudden load change 100% to 0% and 0% 
to 100%). 

— Case 3) Unbalanced resistive load (R=80 Q; Closed phase A) 

— Case 4) Nonlinear load (R= 200 Q, C= 680 uF, L=10 mH; A three-phase diode rectifier) 


Table 1. DGS properties 


Parameters Value 
DGS rated power 450 VA 
dc-link voltage 280 Vdc 
Switching frequency 5 KHz 
Nominal load output voltages 110 V 
Fundamental frequency 60 Hz 
Filter capacitance 6.67 uF 
Filter Inductance 10 mH 


Figures 6 (a)-(b) and Figures 7 (a)-(b) demonstrate the simulation results of the proposed controller 
among different cases. Figure 6 shows the transient trends of the load voltage, the inverter current, and the 
load current under case 1 and case 2. The transient time is very short, at about 0.02 s. It can be seen that the 
load voltages are only slightly distorted during the transient time. Furthermore, the load voltages still 
maintain a good performance in case of the unbalance loads (Figure 7-case 3). In case 4, it is critical to note 
that the waveforms of the load voltages keep the sinusoidal form with a slight distortion while the waveforms 
of the inverter current and the load current are relatively distorted. In addition, the estimations of the load 
current are also presented. As highlighted in Figure 7, the proposed observer estimates and validates the load 
current precisely. The oscillation amplitude of the load current estimations is smaller compared to the figures 
of the measured load current. It demonstrates the excellent performance of the proposed reduced-order 
observer of the load current under different conditions. 

Figures 8 (a)-(d) shows the simulation results of a standard sliding mode controller under the 
aforementioned cases. The performances of the load voltage, the inverter current, and load current are 
showed to compare with the STSMC. Furthermore, the steady-state and the THD performance of the load 
voltages using the proposed controller and the traditional sliding controller are shown in Tables 2 and 3 
respectively. 


$ ELES E EEEE 


0. 02 0. 04 0. 06 0. 08 0.1 0.0 02 D. 04 T4 06 0.08 08 0.1 
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Load current (A) 


“0 0.02 0.04 0.06 0.08 0.1 “o 0.02 0.04 0.06 0.08 0.1 
Time (s) Time (s) 
(a) (b) 
Figure 6. Simulation results of STSMC under (a) case 1 and (b) case 2 
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Figure 7. Simulation results of STSMC under (a) case 3 and (b) case 4 
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Figure 8. Simulation results of the standard sliding controller under (a) case 1, (b) case 2, (c) case 3, and 
(d) case 4 


Table 3 compares the THD results between the proposed method and the other controllers among 
different types of loads. Generally, it is clear that the THD rate of the proposed method in the case of the 
balanced resistive load is the lowest, at about 0.05%. By contrast, the figures for the standard sliding 
controller and the adaptive voltage controller are much higher, nearly 2.15% and 0.094% respectively. In 
addition, for the nonlinear load, the THD proportion of the proposed control is noticeably low, at about 
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0.402% in average. On the other hand, the percentages of the standard sliding controller and the adaptive 
voltage controller always maintain over 0.405%. Furthermore, the results illustrates that the proposed system 
could work effectively even in case of the unbalanced resistive load or the nonlinear load with the THD rates 
down to 0.075%. 


Table 2. Steady-state performance of the load voltages 


The proposed control The standard sliding controller The adaptive voltage controller 
Load types Load voltages (V) Load voltages (V) Load voltages (V) 
Via Vip Vic Via Vip Vic Via Vip Vic 


Balanced resistive load 110.01 110.03 109.95 109.4 109.2 108.9 109.72 109.72 109.72 
Unbalanced resistive load 110.12 110.1 109.9 108.6 108.85 108.8 109.9 109.75 109.52 
Nonlinear load 110.35 110.32 110.28 109.5 109.3 109.1 109.52 109.51 109.52 


Table 3. The total harmonic distortion of the load voltages 
The proposed control The standard sliding controller The adaptive voltage controller 


Load types THD (%) THD (%) THD (%) 
Balanced resistive load 0.05 2.15 0.094 
Unbalanced resistive load 0.075 2.33 0.08 
Nonlinear load 0.402 2.06 0.405 


5. CONCLUSION 

In this paper, the STSMC of a three-phase inverter is designed to ensure the good performance of the 
load voltage among various load conditions. The proposed STSMC is developed for the outer-loop voltage 
controller and inner-loop current controller. Hence, it is not only easy to implement but also requires little 
computational effort. Furthermore, we have found an innovative reduced-order observer to estimate the load 
currents precisely. Hence, the parameter calculations are more robust to system disturbances. However, one 
minor limitation of our research is the harmonic distortion of the inverter current in the case of the nonlinear 
loads. As is well known, the high THD of the inverter current is extremely hard to control and could not be 
eliminated completely. We propose that further research should be undertaken in this mentioned area. In 
general, the paper points out the advantages of the proposed controller and observer based on the 
MATLAB/Simulink. The simulation results have indicated the feasibility and effectiveness of the proposed 
approach. 
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